Recent results from enhanced greenhouse-gas scenarios over southern Europe suggest that climate change implies a summertime mean surface warming of up to 4 K over the Iberian Peninsula. It is suggested that thermal lows, the most prominent Iberian summer weather, will undergo significant modifications in a changed climate. This is studied in the present paper by determining statistical features of the Iberian thermal low, at first for today's climate using data provided by ERA-40 and by the regional climate model PROMES. In general the analysed and simulated climatic structures compare well. However, the ERA-40 data provide conditions more favourable for thermal lows than simulated with the model. Statistics in a changed climate are obtained by performing two 30-year model simulations for 1961-1990 and 2071-2100. It is found that thermal lows strengthen by decreasing the central Iberian surface pressure from 1012.2 to 1010.5 hPa and increasing its daily variation by about 7% in magnitude. Associated with this is an increase in the number of thermal low days by more than 60%. A second finding is an enhancement of the sea breezes over the Iberian westerly and easterly coasts and a particularly significant strengthening of the sea breeze between Cadiz and Huelva. The westerly flow over the Strait of Gibraltar, observed during thermal low events, decreases. The increase in occurrence of the thermal low is associated with a significant increase in the number of dry spells of longer period, and could involve considerable impact on desertification, water resources and wildfire hazards around the Mediterranean basin. The results suggest that there is some evidence that the subtropical character of the Mediterranean climate strengthens.
Introduction
Thermal lows occur frequently over the Iberian Peninsula (henceforth denoted by IP) during summer and are thought to be the most prominent example of this phenomenon in Europe. Thermal lows represent, with about 14% annual percentage of occurrence, an important part of all possible IP weather types. During summer the thermal low frequency increases to about 42% and becomes the dominant weather type (Hoinka and Castro, 2003; henceforth HC03) . The IP centre's summer is very dry with an average summer rainfall of about 5-20 mm together with a daily potential evapotranspiration amounting e.g. to ∼4 mm day −1 for Madrid (Linés, 1970) . This indicates the sensitive hydrological balance at present in the semi-arid summertime IP. Under climatic change, this balance could be dramatically disturbed. In the past this region has already experienced a weak climate change. For the period 1891 to 1990, Schönwiese et al. (1994) determined a summer temperature increase of 0.5 K; for the same period the summer precipitation decreased by about 10 mm, but the annual precipitation increased by 50 mm over northern Spain and decreased by 100 mm over southern Spain.
Future climatic change effects on European regions were determined in a systematic effort in the PRU-DENCE project (Christensen et al., 2002) , where various regional climate models (RCMs) were applied. The climate change scenario A2 is based on a transient greenhouse-gas scenario with an annual increase up to 850 ppm in carbon dioxide until 2100, as specified by the Intergovernmental Panel on Climate Change (IPCC, 2000) . In scenario A2, most models forecast a summer temperature increase of 5-7 K (in the central IP) and 4-5 K (around the periphery of the IP) as well as a weaker one of 2-3 K in winter (IP in general). These ranges are comparable to those obtained from generalcirculation models (GCMs) for the entire Mediterranean basin (IPCC, 2001) .
There is some additional evidence that in Europe the length of the meteorological seasons will change such that summer will be extended whereas winter will be shortened (Fronzek and Carter, 2007) . The summer increase in temperature is associated with a significant decrease in evapotranspiration of up to 20% for most of the IP, with in some areas a decrease by more than 40%. The societal consequences of increasing temperature and decreasing evapotranspiration would be extended droughts, increased threat of water scarcity and in turn a stronger hazard of wildfires, all favoured by long dry hot periods.
Therefore, in the present paper the climatology of thermal lows is investigated in a changing climate due to an increase of carbon dioxide. This is done by applying the RCM version of the mesoscale model PROMES (Castro et al., 1993) which contributed to the PRUDENCE project. Data of a control (CL) run and scenario A2 simulations (2071-2100) are used to determine statistical features of the Iberian thermal low in a changing climate. The difference between CL and A2 will give indications of the atmosphere's modifications. However, one might question the model's ability to describe the present-day climate. The ability of the PROMES model to simulate the 1961-1990 mean climate and interannual variability has been analyzed together with the other RCMs involved in the PRUDENCE project, showing a good agreement with the seasonal surface temperature and precipitation climatology in the IP (Jacob et al., 2007) .
In this study we compare the model-generated control climate with today's climatology of thermal lows over the IP based on the 44-year re-analysis (ERA-40) undertaken by the European Centre for Medium-range Weather Forecasts (ECMWF). For this comparison the climatology determined by HC03, based on a 15-year re-analysis (ERA-15; Gibson et al., 1997) , is also considered. The comparison might help to provide sufficient knowledge of the present-day climatic state, being a necessary prerequisite for detecting a possible climatic change. This change is characterized by the statistics determined for the climate scenario A2.
The paper discusses data and criteria (Section 2), thermal low statistics in today's climate (Section 3), and those in a changed climate (Section 4).
Data and criteria
The European research initiative PRUDENCE (Christensen et al., 2002) involves three categories of numerical models: the low-resolution HadCM3 global atmosphere-ocean GCM, the intermediate-resolution Had-AM3H atmospheric GCM, and ten limited-area highresolution RCMs. The HadCM3 simulation is a long integration using the observed atmospheric composition for 1859-1990 and scenario conditions for 1991-2100. For the HadAM3H and for the RCM simulation, two time-slice experiments are available, representing CL (1961 CL ( -1990 and scenario A2 (2071-2100) conditions. All RCMs were driven at their lateral boundaries by the HadAM3H (Jacob et al., 2007) .
In the present study, the RCM version of the hydrostatic and fully compressible primitive-equation model PROMES is applied (Castro et al., 1993) . Vertical coordinates are pressure-based sigma, and a Lambert conformal projection is used in the horizontal, centred on 45°N, 6°E, using an Arakawa-C grid. The horizontal grid resolution is 50 km. A split-explicit integration scheme based on Gadd (1978) is used. Radiation is considered from Anthes et al. (1987) for absorption and scattering of short-wave radiation by clouds. Turbulent vertical exchange in the planetary boundary layer are modelled as proposed by Zhang and Anthes (1982) . Soil-vegetation atmosphere exchanges are parametrized using the land-surface scheme SECHIBA (Ducoudré et al., 1993) . Gaertner et al. (2001) provide further details. First PROMES results on the hydrological cycle changes due to deforestation are given in Gaertner et al. (2001) . In the following, CL and A2 are used to denote the corresponding RCM simulation.
The present atmosphere's climate is considered to be best represented by time series of re-analysis data, such as the ERA-40 data (1958 ERA-40 data ( to 2001 provided by ECMWF (Uppala et al., 2006) . The statistics obtained with ERA-40 data are compared with those determined recently from ERA-15 data for the period 1979 . The analysis scheme applied in the ERA-40 project is based on the T157 spectral truncation, which corresponds to a resolution of about 1.125°in latitude/longitude. (ERA-15 used T106.) For the present study, the data were interpolated to a finer grid resolution of 0.5°.
To decide if there is a heat low above the IP, the mean sea level pressure (mslp) at 06 and 18 UTC and the structure of the 925 hPa surface are considered. Data from the 925 hPa level are preferably used because the IP's mean surface height is at about the same level. Thus the analyzed data provide a better representation of observations than extrapolated mslp data. Additionally, Mohr (2004) pointed out that low-level geopotential fields are in hydrostatic balance during winter but out of hydrostatic balance during summer. Thus, the determination of the location of the summer thermal low's centre depends strongly on the extrapolation scheme used for evaluating the mslp. Following HC03, at the peak time of the heat low (18 UTC), height differences in the 925 hPa surface between locations in peripheral and interior regions of the IP are determined along the coastal boundaries of the IP (see criterion (v) in the Appendix). The differences are labelled according to their location, e.g. (v) SW for the height difference above the south-western IP. Additionally, the minimum height of the 925 hPa suface must be located above the IP (criterion (iii)). HC03 gives a detailed description of the criteria. In the present study, these criteria are applied to the ERA-40 and RCM data to determine objectively the occurrence of Iberian heat lows.
Thermal lows in the present climate
In this section we discuss first the IP's summer climate and then the thermal low's climatology obtained from RCM data and compare it with those determined from ERA-40 and ERA-15 (HC03). Table I compares climate statistics of the occurrence of the IP's thermal low. 3.1. Iberian summer climate Figure 1 depicts the summer averages (June-August; JJA) of the mean height of the 500 hPa surface (12 UTC) as obtained from ERA-40, from the CL, and from the A2 simulation. The characteristics of the A2 surface will be discussed in Section 4. The zero line (=5800 m) in the model-derived 500 hPa JJA averages for the CL is shifted southwards and has a slight north-west orientation compared with ERA-40. The comparison between ERA-40 and CL indicates that the model simulates a more intense subtropical climate than is obtained from ERA-40.
One reason for the resulting RCM structure is seen in the driving Hadley Centre Climate Model (HadAM3H) whose summertime average conditions show a less pronounced Iberian thermal low. This suggests that, if the RCM model had been driven by the ERA-40 data, a more pronounced averaged thermal low structure would have resulted. A comparison of the summer climates (JJA) from ERA-40 and HadAM3H suggests that the RCM model driven by the latter shifts the HadAM3H climate (not shown) toward the ERA-40 climate. The results indicate that the mid-tropospheric structure of the model data compares quite well with that determined from the ERA-40 data. However, the lower the atmospheric level, the stronger is the role played by low-level influences such as orography, and a direct grid point to grid point comparison fails. Nevertheless, the general structure compares reasonably well. The climate resulting from ERA-40 data is considered to represent today's climate whereas the climate as determined with the RCM model characterizes the model climate, which is to a certain extent comparable to the present-day climate of ERA-40. The model climate is considered as a control state necessary for evaluating possible climate changes by model simulations. In that respect we consider the model climate as a quasi-realistic present-day reference state.
Monthly frequency
Applying all given criteria (see Section 2), the ERA-15 and ERA-40 data reveal a different climatology of thermal low days. The ERA-15 data sample shows a July average of about 14 days with a thermal low, whereas this number increases to about 20 days in the ERA-40 data. If one considers only the 15-year ERA-15 period 1116 K. P. HOINKA ET AL.
from the ERA-40 sample, the monthly number of days remains almost unchanged. This is also valid for the period considered by the RCM .
One reason for the increase between ERA-15 and ERA-40 climatology is that the ERA-40's modified truncation allows a better resolution of low-tropospheric horizontal surfaces. This in turn forces a deepening of the summer average 18 UTC surface depression (not shown). This also increases the number of cases where the height minimum above the continental IP area is located above the central area. Due to the lower truncation of ERA-15 data, the south-western and south-eastern regions of the IP show weaker inland gradients than for the ERA-40 data. Thus an application of the criterion which uses 925 hPa inland gradients excludes a good portion of thermal low days which appear as thermal low days in the ERA-40 dataset.
This was corroborated by various tests. As an illustrative example of this, if criteria (iii), (v) SE and (v) SW were excluded, the average number of days selected per year in ERA-40 is only 12% more than in ERA-15. But excluding only (v) SE this percentage rises to 46%, a value close to the difference of 48% between ERA-15 and ERA-40 when all the criteria are considered, as given in Table I . Based on a series of nine years of surface measurements, Portela and Castro (1991) have shown that the summer frequency of thermal low days clearly exceeds the 50% level. This is similar to the summer frequency as determined by the ERA-40 data. All this suggests that the ERA-40 statistics are a good approximation to the present-day climate, and at least better than results from the ERA-15 data.
However, the application of the same criteria to the PROMES model yields a frequency of thermal lows that is clearly below that obtained for ERA-40 data. The criteria (see Appendix) were developed by HC03 in order to determine the Iberian thermal low based on ERA-15 data. There seems to be a strong sensitivity of these criteria to the data used, because the frequencies determined for ERA-40 become apparently greater than for the ERA-15 data. This is at least a hint that the scheme of criteria is not very robust in working independently of the kind of data used although, as mentioned above, there are various reasons for an increase in frequency from ERA-15 to ERA-40. It seems that the scheme is particularly useful for coarsely gridded data, such as those of ERA-15 and ERA-40, whereas its use is limited for smaller-scale gridded data such as those provided by the PROMES model.
As mentioned above, the control state and scenario A2 are simulated by the RCM (PROMES) which is nested in an atmospheric GCM. This control state time series corresponds to the present climate but not to the day-byday time series of observations. One has to keep in mind that the RCM results strongly depend on the GCM within which the RCM is nested (Räisänen et al., 2004) Nevertheless, the relative monthly variation during the year shows an apparently similar pattern for all given periods as well as for all datasets. This suggests that the phase is correctly determined whereas the absolute amplitude is not. Despite the fact that the scheme of criteria seems to have deficiencies in capturing the absolute frequencies, one has to keep in mind that the present study deals with the change of frequencies from a control state to a modified climatic state. In this case the absolute amounts are of minor importance whereas the relative change is the key issue which contains the important information. This relative change will be determined by comparing the CL with the A2 state, both from PROMES, and can then be applied to today's observed state based on ERA-40. In that respect, it is reasonable to apply the same scheme of criteria for both data series, ERA as well as PROMES, even if the scheme seems not to be the best possible way of determining thermal lows for the latter dataset.
Daily evolution
In HC03 the average daily evolution of the mslp for July is given based on ERA-15 data (their Figure 6 ) which shows about the same structure as the mslp resulting from ERA-40 data (not shown here). Here we show the summer average of the height of the 925 hPa surface (Figure 2 , left column).
An interesting detail occurs over the southern IP. The daily evolution of the 925 hPa surface shows that at 00 UTC the surface is above 800 m, at 06 UTC it drops below, at 12 UTC it is lifted above, and finally at 18 UTC it again drops beneath the 800 m surface. This means that twice a day (00 and 12 UTC), there exists a bridge of lower 925 hPa geopotential connecting the IP's thermal low with the Saharan one. To the west of the IP, a similar semi-diurnal oscillation is apparent in the 925 hPa height. It is well known that in the surface pressure field there exists a semi-diurnal oscillation over much of the globe which is regularly distributed in its amplitude and phase (Haurwitz, 1956) . The amplitude has its maximum in the Tropics and decreases polewards.
The semi-diurnal cycle can be easily seen in Figure 2 (left column). However, the amplitude and temporal phase of the observed tide are difficult to determine because of their global variety. Observations, re-analysis data and numerical simulations with GCMs show different magnitudes of the amplitude. The few earlier attempts to document tidal fluctuations in gridded data include work by Hsu and Hoskins (1989) which suggests that tidal fluctuations in the troposphere are reasonably well preserved in the ECMWF model. The semi-diurnal fluctuations in ECMWF data are consistent with the predictions of tidal theory based on the thermal forcing of stratospheric ozone and tropospheric water vapour. Based on global surface pressure data, Dai and Wang (1999) determined a maximum in the semi-diurnal amplitude between 1.0 and 1.3 hPa; re-analyses by the US National Center for Atmospheric Research/National Centers for Environmental Prediction obtained a peak amplitude of 1.47 hPa (van den Dool et al., 1997) . Re-analysis data appear to have stronger tides than has been reported classically from hourly surface station data. Here we apply a peak amplitude of 1.34 hPa for the ERA-40 data (Hoinka, 2007) which is about 13.4 m for the 925 hPa height. Figure 2 (right column) shows the daily evolution of the isolated thermal low signal where the semi-diurnal pressure wave is removed. The filtered pressure field clearly exhibits the diurnal thermal cycle. In contrast to this, the left column depicts the observed total pressure distribution. The daily range in pressure height is the same for both sets of data.
The three-hourly resolution of CL ( Figure 3 ) indicates a peak hour around 18 UTC, but it could be somewhere between 15 and 18 UTC, possibly closer to the later time, as has been pointed out by Portela and Castro (1991) .
The daily amplitude between 12 and 18 UTC reaches up to 40 m in the IP's centre which is greater than the amplitude analysed with ERA-40 data. During its peak hours, the Iberian thermal low is clearly separated from its Saharan counterpart which is also found from the ERA-40 data. The Iberian thermal low disappears during the night whereas the Saharan one weakens slightly but remains. Figure 3 also shows a daily variation of disturbances above the Pyrenees and the Alps. These disturbances vanish during the day and between 15 and 18 UTC there seems to occur a weak thermal low above the Alps.
In the daily evolution of the RCM data ( Figure 4 ) the semi-diurnal pressure wave also exists, however the signal is less strong (range ≈20 m) than analyzed for the ERA-40 data (≈25 m; Figure 2 ). Calculations with RCM data indicate that on thermal low days the daily amplitude of the central Iberian pressure remains unchanged after the removal of the semi-diurnal pressure signal. However, the isolated thermal low pressure signal indicates that the peak time is shifted toward 21 UTC, as can be seen in Figure 4 (left column). The 18 and 21 UTC panels of this figure should be compared with the corresponding panels of Figure 3 . Nevertheless, in the following we will restrict ourselves to the discussion of the original RCM data because the daily pressure amplitude remains unchanged.
Surface flow
The shallow thermally forced depression causes radial inflow into the low's centre producing flow convergence and in turn an ascending motion which can amount to several cm s −1 in the climatological average, as shown by HC03. This circulation produces a mass exchange between the heat low's centre and its surrounding environment. Figure 5 depicts the daily evolution of the surface flow simulated for CL. Only four times are given because the evolution develops gradually. The maximum velocities are around 10 m s −1 . Panels for 00 and 06 UTC show a flow parallel to the coast from the north over Portugal. Later in the day, an inland flow strengthens, enhancing the daytime sea breeze. This inflow is due to a small-scale relatively high-pressure area over Central Portugal which is generated during the afternoon pulling cold Atlantic air inland (Millán et al., 1991) . At 18 UTC the inflow from the north and from the south-east is strongest because the corresponding coastal pressure gradients are strongest. At the IP's eastern coast, a southerly flow parallel to the coast dominates in the morning whereas the inland flow increases until 18 UTC. The strong easterly surface flow between the Atlas mountains and the Iberian Cordillera system has been documented previously by Scorer (1952) . He pointed out that a low-level isothermal layer is most common in this region during summer which enhances the easterly flow, frequently observed in the Strait of Gibraltar. At the southwestern coast of Spain, e.g. between Cadiz and Huelva, a strong sea breeze is encountered at 18 UTC which turns to a weaker land breeze around midnight (not shown).
The land and sea breezes play an important role in IP's coastal regions during summer because they occur on approximately 9 out of 10 days. The average speed reaches up to 3 m s −1 for the sea breeze which is active during the day, whereas the normally weak land breeze appears only for a few hours. An important aspect of the sea breeze is the extent to which it penetrates inland, which is on average about 50 km. In summer, the inland penetration of sea breezes along the Mediterranean coast can reach over 100 km, due to chanelling along valleys. Because the local surface flow is a combination of the mesoscale flow and the embedded sea breeze, one has to keep in mind that the latter is not sufficiently captured by the model due to its coarse resolution.
From the surface flow obtained for CL ( Figure 5 ), it is possible to derive the thermal low's centre resulting from the inflow structures. The area within the IP where the minimum wind speed is of small-scale rotational character is assumed to be the approximate location of the Iberian thermal low's centre. Figure 6 shows the diurnal propagation of the wind-derived thermal low centre for CL (squares), indicating an apparent clockwise circulation. An explanation for this behaviour cannot be given here.
Asymmetry of the Iberian thermal low
A very apparent feature is the asymmetric character of the IP's thermal low which is obvious in the height of the 925 hPa surface (Figure 3 ) and in the surface flow wind field ( Figure 5 ), as well as in the surface vorticity and divergence, as shown by HC03. They indicated that, at the thermal low's peak hour (18 UTC), the divergence at 925 hPa shows two convergence zones above the IP, one in the north-western part and another above the eastern part. During the entire day a maximum of anticyclonic vorticity was determined above south-eastern Spain and the Strait of Gibraltar. A maximum of cyclonic vorticity occurs between 18 and 00 UTC above the north-western IP. Note that cyclonic (anticyclonic) values are positive (negative) in the Northern Hemisphere. Correspondingly, in the vertical the divergence structure evolves differently in the IP's zonal and meridional extremities. In the latitudinal cross-section the influence of the African continent with the Saharan thermal low forces an elevated minimum in divergence and vorticity above southern Spain, the latter reaching the upper troposphere (HC03). Zonal cross-sections show weak differences in divergence between the IP's Atlantic and Mediterranean sides. However the relative vorticity in the mid to upper troposphere shows cyclonic (anticyclonic) relative vorticity west (east) of the IP, related to the synoptic-scale location of the ridge. At low levels, a diurnal variation of the cyclonic vorticity maximum occurs between the southern and central regions of the IP.
Apparently, the asymmetry is due to the IP's complex topography and the non-homogeneous synoptic environment. The IP is surrounded by colder marine surfaces, except at its north-eastern edge, where the Pyrenees separate the peninsula from the European continent. The IP's complex topography shows barrier-like mountain ranges to the north, east and south, with two high plateaus in the centre divided by the system of central mountains. The high central plateaus gradually approach the coast in southern Portugal and south-western Spain as low-level plains.
The synoptic-scale atmospheric structure is characterized by a ridge of high pressure located over the eastern Atlantic Ocean. Above the IP which is located at the ridge's south-eastern edge, a north-easterly geostrophic flow prevails. This inhomogeneous synoptic environment leads to a variety of low-level pressure gradients at the Iberian coast (Figure 3) : strong ones at its northern coast, weaker ones at its eastern and western coasts, and almost no gradient at its southern coast. The latter is due to the fact that the Iberian thermal low can sometimes be considered as a diurnal northerly extension of the African semi-permanent low. For the above-mentioned reasons, the resulting thermal low and its related circulation system are highly asymmetric in both zonal and meridional directions.
Thermal lows in a changing climate
In this section the summer averages, monthly frequency, daily evolution and surface flow of the Iberian thermal low in a changing climate are discussed by comparing simulations CL and A2.
Iberian summer climate
The contours on the summer 500 hPa surface are shifted northwards by about 9°, which means that the surface is lifted by about 100 m (Figure 1(d) ), as already reported elsewhere (Vidale et al., 2007) . Accordingly the southern rim of the westerlies is shifted northwards and the IP's climate becomes more subtropical. The climate A2 modifications at the 500 hPa geopotential surface (Figure 7(b) ) indicate a ridge of high pressure of north-west/south-east orientation which is located above France. In contrast to this mid-tropospheric increase in pressure, the lower tropospheric field at 925 hPa (Figure 7(a) ) above the Iberian and Magreb regions is characterized by a decrease in height of up to 8 m and a related decrease in pressure. Off the western IP and the African continent there is a similar height decrease whereas east of the IP there is an increase in height. Thus at the IP's northern and eastern rim there are indications of a strengthening of the coastal gradients in this area in a changing climate.
The northward shift of the westerlies' southern rim as observed at 500 hPa in the climatic scenario A2 results in a deepening of the mesoscale surface low above the IP at 925 hPa (not shown), and additionally the Saharan thermal low extends further northward. This also leads to an increased latitudinal gradient in the geopotential height above northern Spain. The difference between A2 and CL (Figure 7(a) ) clearly shows a deepening of more than 8 m above the IP as well as above the Magreb desert.
A reason for producing a pressure fall above land and a subsequent increase in the pressure gradient along its horizontal boundaries is the stronger summertime insolation, effective on the regional scale. Increased insolation and the subsequent stronger drying of the soil in a future climate enhances the strengthening of the thermal low, particularly over the central IP. This effect is included in the model simulations, as the atmospheric part is coupled to a land-surface model. Castro et al. (2005) determined that in a changing climate (CL to A2) there is an increase of summer daily mean surface temperature of 2-3 K north of the IP, 6-7 K above the IP and 3-4 K east of the IP.
Monthly frequency
The statistics of the entire series are given in Table I . The number of thermal low days increases significantly by more than 60%. The annual evolution in the climate A2 appears to be the same as obtained for the control climate. Because the ERA-40 data are based on observations as well as modelling aspects, the annual variations are stronger than those obtained from RCM data only; this is indicated obviously by an approximate doubling of the standard deviation. In a changed climate, the seasonal frequencies are slightly increased (decreased) for autumn (summer), from 11% (76%) to 15% (72%). The springtime frequencies remain unchanged. Additionally, trends of the time series CL and A2 were determined. However, the resulting trend values have relatively small trend-to-noise ratios of less than 1.0. Thus the confidence levels were lower than 80%.
4.3. Daily evolution Figure 8 shows the daily evolution of the average summer height of the 925 hPa surface for thermal low days as simulated for scenario A2. This figure should be compared with the corresponding CL patterns (Figure 3) . The first four panels show the relaxation of the depression during the night. The minimum height of the thermal low becomes stronger at the peak time 18 UTC and the thermal low becomes more prominant between 21 and 00 UTC. During the night, the low relaxes again and the cycle starts anew. Correspondingly the central IP's mslp decreases from about 1012.2 hPa (CL) to less than 1010.5 hPa (A2). This decrease is statistically significant, according to the Aspin-Welsh test (Choi, 1978) . The stronger depression leads to roughly 20% stronger gradients in geopotential height at the IP's northern and eastern rims. The gradients at the IP's western and southern boundaries remain unchanged. The northern part of the Saharan depression, appearing in appears above the Alps, showing a peak signal around 15 UTC. This signal strengthens for A2. It should be mentioned here that the peak time of the daily evolution after the removal of the semi-diurnal pressure wave is also shifted towards 21 UTC, similar to CL (Figure 4 ; right column). A comparison between CL and A2 structure at 21 UTC shows also the strengthening of the isolated thermal low signal. In a different approach, time series of ERA-40, CL and A2 data are used to determine the autocovariance function of the central IP's surface pressure. A brief introduction to the lagged-covariance technique is given in von Storch and Zwiers (1999) . To get a temporal series of parameters characteristic for the IP's centre as well as for thermal lows, the criterion is applied where the differences in the 925 hPa surface height between the inner and the peripheral region of the IP are determined (v). The averaged differences, obtained from various cross-coast differences form the considered time series. Figure 9 shows the autocovariances of the height difference averages as a function of time lag, τ . There are significant positive autocovariances for the occurrence of central IP pressure distribution up to 2 days, although the autocovariances decrease with τ . The summertime situation (EC-JJA) is characterized by a strong diurnal variation. For comparison, the winter condition is additionally shown for ERA-40 indicating a vanishing daily oscillation (EC-DJF). For CL and A2 comparably strong diurnal variations appear in summer. The only difference is apparent in the magnitude of the oscillation. The ERA-40 data show the weakest magnitude which increases for CL by about 7% and A2 by 14%. Thus the increase between CL and A2 amounts to 7%. This indicates the strengthening of the diurnal cycle in a changed climate.
A further statistic of interest is the length of period of consecutive thermal low days. Cubasch et al. (1996) predicted an increase in the probability of longer dry spells over southern Europe for all seasons, particularly in summer. Figure 10 depicts the length of periods for ERA-40, CL and A2. The CL simulation shows that about 25% are one-day events whereas ERA-40 has less than 10%. In a changing climate, the number of single-day events decreases to 15% of all thermal days and consequently there are many more events of more than 3 days. Thus in a changed climate the duration of thermal low periods becomes longer, with the result that insolation and drying probably become more effective. The difference between ERA-40 and CL is apparently larger than the climate change signal, at least for the frequency of short thermal low periods due to the difference between the observed climate and the control model climate, as discussed in Section 3.2.
Surface flow
In general, the surface flow structure in A2 is similar to CL, but slightly stronger in magnitude as depicted in Figure 11 . We find an increase in wind speed by From the surface flow graphs obtained for A2 (not shown), it is possible to derive the thermal low's centre resulting from the inflow structures for A2, similar to CL (see Section 3.3). Figure 6 exhibits the diurnal propagation of the wind-derived thermal low centre for A2 (crosses). The differences between CL and A2 are minor. However, the clockwise rotation in A2 is shifted slightly to the west. The small differences of the wind-derived thermal low centre between CL and A2 are consistent with the corresponding 925 hPa surface differences (not shown), as the largest reduction in height in A2 compared to CL at this level occurs over the western IP.
Concluding remarks
In this study, climatological features of the Iberian thermal low are determined for today's climate by using ERA-40 data and data provided by the regional climate model PROMES. Two series of simulations with the regional climate model, nested in an atmospheric global climate model (HadAM3), are considered in order to get thermal low statistics for the present climate, a control run CL, and a changed climate scenario A2. One has to keep in mind that the results strongly depend on the GCM within which the regional climate model is nested (Räisänen et al., 2004) . In the following, the main results are summarized for today's Iberian thermal lows and for those in a changed climate.
The RCM simulation exhibits conditions which, however, are not as favourable for thermal lows as those provided by the ERA-40 data. Only 41% of the thermal low days of ERA-40 are seen in the model's control state CL. This result is likely related to the criteria used for selected heat low days. Nevertheless, in general the atmospheric structures analyzed by ERA-40 and simulated by the RCM are comparable.
The comparison of the CL with the A2 state shows an increase in number of thermal low days by more than 60%. In turn, there exists an increasing number of longer periods of consecutive thermal low days (3-6 days).
There is also a lowering of the central pressure from 1012.2 hPa to 1010.5 hPa which leads to an increase of 7% in the daily amplitude of the central Iberian mslp. This is associated with a strengthening by more than 20% of the surface pressure gradients along the Iberian coasts. Above the north-western IP there is an increase in cyclonic curved surface flow. The sea breezes are enhanced above the IP's Atlantic and Mediterranean coasts, in particular there is a significant strengthening of the sea breeze between Cadiz and Huelva. Additionally, the easterly flow through the Strait of Gibraltar weakens.
All this indicates that the subtropical character of the Mediterranean climate is strengthened, at least in its southernmost region. The IP is one of the driest Mediterranean regions. As land degradation occurs, soil storage capacity is reduced, run-off increases and erosion thresholds are passed. Corte-Real et al. (1998) determined that over the last three decades, springs in Portugal are becoming drier, the rainy season is ending earlier and the onset of the dry season is occurring earlier. Large parts of south-eastern Spain are areas vulnerable to desertification (e.g. Goodess et al., 1998) . High interannual variability in precipitation and high summer temperatures lead to a more or less continuous threat of water scarcity. The heavy reliance on irrigation for agriculture production in Mediterranean countries is obvious because in Spain (Portugal) around 70 (50)% of water is used for irrigation. A further major environmental concern in the Mediterranean area is the occurrence of devastating summer forest wildfires. The analysis of fire records suggested a clear increase in the annual number of fires and areas burned during the last century; however, in the last three decades the number of fires also increased but the area burned did not show a similar clear trend.
Additionally, our results indicate an intensification of the Saharan thermal low which might have an indirect effect on the IP's climate. Intensified insolation in the Sahara Desert creates strong surface winds and convection, which lifts dust particles to an elevation of approximately 6 km (Quereda et al., 1996) . Under favourable conditions (≈5% annually) the dust plumes are tranported by the prevailing winds to western Europe. The 1125 increase of dust in the atmosphere affects the weather by altering the radiative budget which may change the mid-tropospheric atmospheric stability and modify cloud nucleation processes.
Therefore, the forecasted increase in temperature and decrease of precipitation in a changed climate which in turn results in an increased number and temporal extension of thermal low events will affect the IP in various socio-economic sensitive areas. The issue of desertification, being already critical, will increase in importance as our results indicate. In a changed climate the irrigation-based agricultural production will become more problematic and the number of summertime dry spells will increase as well. Based on calculated firerisk indices, Carvalho et al. (2001) pointed to a potential serious increase of forest fire occurrences in Portugal in a climate change scenario. Similar conditions have been predicted in many other ecosystems, e.g. Australia (Williams et al., 2001) .
The analyses presented here and in HC03 show strong asymmetries in the dynamic and thermodynamic thermal low structure above the IP. These complex asymmetries are normally not considered in idealized numerical simulations published elsewhere. Obviously, there is a gap between the observed thermally forced circulation in a thermal low above a certain topography and that simulated by simplified idealized models. The latter approach usually assumes a quiescent environment which allows the development of an undisturbed divergent anticyclone aloft. Further idealizations are simplified orography. Clearly, idealized models are a powerful tool to study basic processes; however, simulations of realistic 3D circulations above a selected topographic region are more diffcult to perform within the framework of an idealized model. At present, adequate studies simulating realistic 3D thermal lows above complex terrain are rare, at least for Iberia.
Appendix
For convenience, the criteria are given which are applied to determine Iberian thermal lows. For more details see HC03.
(i) At 06 and 18 UTC, the mslp above the IP (Figure A- 1; area A) must be larger than 1002 hPa, allowing one grid point exception. (ii) At 06 UTC, the grid-point-averaged mslp must be greater than 1011 hPa at the northern and northwestern rim of the IP ( (v) At 18 UTC, the grid-point-averaged height of the 925 hPa surface above the interior area (triangles) must be less than or equal to that of the peripheral area (squares) within all considered regions separately (NW, N, etc.).
